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NAnOBAL AEROBAU'i?CS AND SPACE ADMINISTRATION 

By Wayne K. Rivers, Jr. 

SUMMARY 

The pr inciples  of operation and construction of an interference spec- 
trometer which i s  intended t o  be used i n  the  shorter  millimeter and sub- 
m i l l i m e t e r  region are  discussed. The instrument, which uses a wavefront 
dividing interferometer, has high resolving power f o r  t h i s  region of the  
spectrum, one par t  i n  500, making it especially useful  a t  t h e  longer wave- 
lengths.  

Problems i n  the development of the instrument, including t h e  mechani- 
ca l  design of the interferometer drive and the  fabr ica t ion  of microwave- 
opt ica l  elements pecul iar  t o  the  instrument, a re  discussed. 

,,?he r e s u l t s  of l imited tests performed are discussed. Included are  
spectra  of a monochromatic source w i t h  a spec t ra l  resolut ion of 0.011 em-' 
( 3 3 0  me> and the  transmission of a high-pass f i l t e r  with spec t ra l  resolut ion 
of about 0.03 cm-1. 

instrumentation f o r  the  region of t he  electromagnetic spectrum with 
wavelengths of a f e w  tenths  of millimeters t o  a f e w  mill imeters i s  d i f f i c a l t  
t o  r e a l i z e  because many of the techniques used i n  the  op t i ca l  and inf ra red  
region and i n  the  microwave region of the spectrum a r e  nonexfstent o r  have 
serious shortcomings when applied t o  the middle ground between the  two. For 
example, ne i ther  the  coherent sources common at  microwaves nor the r e l a t ive ly  
narrow d i sc re t e  l i n e  spectra  of t he  v is ib le  a re  avai lable  f o r  use as s igna l  
sgurces i n  the  submillimeter region. Extensive tube development and quantum 
meckanieal generator research programs a r e  now being sponsored and should i n  
t i m e  p rmide  sources of monochromatic power and sens i t ive  receivers i n  t h i s  
region. Eowever, techniques employing broadband radiat ion sources, spec- 
trameters, and d i r e c t  detectors ,  such as  the c rys t a l  r e c t i f i e r  and thermal 
types, w i l l  continue t o  provide the  data on materials and components neces- 
sary f o r  the  eventual u t i l i z a t i o n  of the submillimeter region of the spec- 
t r u m  ( re f .  1). 

.The most common type of f a r  infrared spectrometer uses a re f lec t ion  
grat ing t o  f i l t e r  a "white': source of radiat ion.  Long and intensive 
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development of the  grat ing spectrometer has provided solutions f o r  such 
problems as l o s s  of energy in to  unwanted re f lec t ion  orders and the  passing 
of harmonically re la ted  wavelength bands, so t h a t  complete monochrometer 
systems are commercially available a t  infrared and shorter  wavelengths. 
A t  present,  spec ia l ly  designed instruments must be constructed f o r  wave- 
lengths  much longer than 10%. The submillimeter instruments a t  Syracuse 
University ( ref .  2 ) ,  New York University (ref. 3), Osaka University (ref.  4) ,  
and University of Frankfurt ( ref .  5 )  are examples of t h i s  long-used type of 
spectrometer. 

Relat ively recently,  Strong ( r e f .  6) and others  (refs. 7 and 8) have 
applied the  pr inciple  of interference modulation t o  the  design of a radi-  
c a l l y  d i f f e ren t  spectrometer. I n  t h i s  scheme an incoming wave i s  divided 
in to  two equal components which propagate over paths of var iable  path 
length before being recombined and detected. 
t raversed by the  wave components i s  varied continuously, t he  amplitude of 
the combined wave i s  modulated a t  a rate which depends on the  wavelength 
of t he  radiat ion and the  rate of change of r e l a t i v e  path length.  There i s  
a one-to-one correspondence between the radio frequency spectra  present i n  
the  rad ia t ion  and the  amplitude modulation spectra  produced. Thus, a spec- 
t r a l  analysis  of the  audio output of the spectrometer detector  i s  a repre- 
sentat ion of the  radio-frequency spectrum. 

When the  r e l a t ive  path length 

I n  general, in terference spectrometers have the  advantage of high 
radiant  e f f ic iency  d i f f i c u l t  t o  obtain with gra t ing  spectrometers. 
l a t t e r ,  means must be included t o  remove unwanted radiat ion re f lec ted  a t  
higher orders than the desired one, and t he  use of frequency se lec t ive  
choppers and res t s t rah len  f i l t e rs  i s  common. The interference Spectrometer 
o f f e r s  almost complete freedom f r o m  unwanted responses. For l i n e a r  r e l a t i v e  
motion of the  interferometer m i r r o r s ,  each radio frequency i s  modulated a t  a 
d i f f e ren t  audio r a t e ,  and l i t t l e ,  i f  any, p r e f i l t e r i n g  i s  required. 

I n  the  

Interference modulation spectrometers o f f e r  the capabi l i ty  of grea te r  
resolut ion than can be conveniently obtained with gra t ing  instruments. I n  
both types of spectrometers, the  resolving power i s  proportional t o  the  num- 
be r  of wavelengths which in te r fe re .  
optical-type grat ing is  the product of t he  number of l i n e s  i n  the  grat ing 
and the  order, which i s  the  number of wavelengths phase difference between 
rays re f lec ted  from adjacent l i nes .  I n  t he  interference modulation spec- 
trometer, the  resolving power i s  the  number of wavelengths of path d i f f e r -  
ence introduced i n  one wave component with respect t o  the  other .  This path 
difference can be very large,  and resolution would always be s e n s i t i v i t y  
l imi ted .  

For example, t he  resolving power of an 

The geometries which have been used f o r  interference spectrometers 
a re  the  Twyman-Green interferometer (see ref. 8 and Appendix B of r e f .  lo), 
a modified Michelson type, and a lamellar gra t ing  ( r e f s .  6 and 7) i n  a 
Szerny-Turner mounting i n  which a pa i r  of interleaved grat ings move with 
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respect to each other. In the former case, two beams are formed and handled 
separately in the optics. 
surfaces form one unit, and only a single beam is used. 

In the latter design, the two moving reflecting 

This report concerns the development of an interference spectrometer 
which is intended to be used over the wavelength range of low to 4 mm. 
unusual feature of the instrument is its high resolving power for these long 
wavelengths, about 250 at 4 mm increasing to a maximum of 500 at shorter 
wavelengths. The corresponding absolute spectral resolution is quite small, 
a minimum of 0.01 cm-l. 
not only as a tool for basic research but also as a vehicle for the devel- 
opment of submillimeter techniques, a somewhat unusual configuration was 
chosen which combines optical and microwave techniques. It is this unusual 
configuration which allows a long relative path difference to be introduced 
in the interferometer, resulting in the small absolute spectral resolution 
referred to above. 

An 

Because it is intended that the instrument serve 

This report describes the configuration of the instrument, features 
of its operation which are peculiar to this configuration, some of the 
problems in the development of the instrument, and the data recording and 
processing techniques used. Test results are given for the wavelength 
region in the neighborhood of 4 to 7 mm, because it was only in this region 
that a high temperature noise source and sensitive bolometer were available 
which were suitable for the tests. 

SYMBOLS 

C 

D 

E i  ) 

j 

k 

L 

M 

apodizing function 

calculated spectrum power density 

post-detection integration bandwidth 

speed of propagation 

diameter of mirror aperture 

field amplitude 

integer index 

Boltzmann's constant 

maximum value of x 

index denoting zero point of interferogram 
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Unit 

P 

mm 

cm 

number of points i n  interferogram 

noise -equivalent power 

power 

responsivity of square-law detector  ( v o l t  per w a t t )  

s ignal-to-noise r a t i o  

temperature 

time 

output voltage of square-law detector ;  interferogram function 

r e l a t i v e  path length difference 

interferometer transmission f a c t o r  

mirror displacement 

wavelength 

frequency (cps)  

phase angle ( rad ian)  

time constant 

frequency (radian per sec)  = 2nv 

Abbreviations : 

micron 

m i l l i m e t e r  

c en t  i m e  t e r 

m meter 

mc megacycle per second 

gc gigacycle per second 

de& degree Kelvin 



db decibel 

Kotation : 

1.3S-23 implies 1.38 x 10 -23 

I. DESCRIPTION OF INSTRUMENT 

Principle  of Operation 

The purpose of a spectrometer i s  t o  provide information about the 
power densi ty  spectrum of radiat ion from a broadband source as modified 
perhaps by an intervening absorbing medium. An interference spectrometer 
does t h i s  by recording the  longitudinal s p a t i a l  correlat ion function of t he  
electromagnetic wave from which the spectrum can be calculated by four ie r  
Cllal lUldLLIILI.uIul l .  It i s  not Zzsirablz t o  present here 2 detailcd thecr;. ~f 

L L L u L L L L a  LLLLb yIwubwpJ . D e t a i l e d  t h e c r e t i c d  treatments are available 
i n  the  works of Strong ( r e f ,  9 and Appendix F of ref. l o ) ,  Genzel ( ref .  11) 
and Connes ( ref .  12 ) .  
t i o n  process w i l l  be presented i n  order t h a t  the e s sen t i a l  operating fea- 
tu re s  of t he  spectrometer can be related.  

+nnn-C~rrm"+; m n  

< n+ 0 -.rfn-.ron n D c. nn n+ vn c. o nn, r 

However, a br ief  review of the  interference modula- 

I n  f igure  1 a two-beam interferometer i s  depicted schematically. The 
basic  elements of t h i s  interferometer a re  a means of dividing the  radiat ion 
i n t o  t w 3  paths, a means of changing the d i f f e r e n t i a l  path length,  and a 
means of recombining the two wave components. 
sary are a broadband energy source and  a square-law detector .  This detector  
responds t o  the t o t a l  power incident upon it; l e t  i t s  responsivity,  R,  i n  
u n i t s  of v o l t s  per w a t t ,  be uniform over the  input band. The power incident 
on the  de tec tor  i s  the  sum of two p a r t i a l  waves with amplitudes E(w) i n  a 
spec t ra l  i n t e rva l  (w, wdw), one of which i s  delayed with respect t o  the  
other  by a distance x or angle XW/C. 
a function of t he  path delay, x, is 

A u x i l i a r y  components neces- 

Thus the detector  response, V(x), as 

where c i s  the  e f f ec t ive  ve loc i ty  of propagation i n  the delay paths and t h e  
bar  implies time averaging. Note t h a t  V(x), which i s  cal led the  in t e r f e ro -  
gram, i s  symmetrical i n  the  path delay, x. By applying simple trigonometric 
i d e n t i t i e s ,  the  interferogram can be put i n  the  form 
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P(w) cos (XU/C) dw + constant terms, 

2 
where P(w) = [E(w)] . 
port ional  t o  the  cosine fou r i e r  transform of P(w). 
proportional t o  t h e  inverse cosine fourier  transform of V(x), 

It i s  evident from t h i s  equation t h a t  V(x) i s  pro- 
Thus P(w) must be 

Gecause the in t eg ra l  i n  equation (3)  i s  symmetric i n  the  path delay, 
x, the  power spectrum P ( v ) ,  v = w/25, i s  completely determined by an i n t e r -  

n o t  necessary f o r  negativs x. 
corded only over a f i n i t e  in te rva l  0 5 x 5 L. The consequence of t h i s  
l imi t a t ion  i s  t h a t  the  spec t ra l  resolution i s  then a l so  f i n i t e  and i s  given 
approximately by 

n ̂ --I- --.. ---....- e-1.7 ,.-..-... *I.,. < - C - n r . , l  Ie lu&all l  dClL1lGd u 1 u y  U V C A  b11C 1 1 1 L , c L Y a L  0 5 x I =, ar;d rzc=rding Gf v(x>  is 
Ir; practice the Interfercgrm c m  be re- 

nv F= c/L . (4) 

The process of using the interference spectrometer then i s  one of 
recording the  output of the  detector  a t  regular in t e rva l s  of the  mirror 
displacement and taking the numerical fou r i e r  transform of these data  t o  
obtain t h e  power spectrum of the detected radiat ion.  The e f f ec t  of t h i s  
process on resolut ion i s  fu r the r  discussed along with apodization and 
problems associated with locat ion of the point x = 0 i n  chapter 111. The 
ava i lab le  signal-to-noise r a t i o  f o r  an interference spectrometer i s  a l so  
discussed i n  chapter I11 i n  connection with the  results obtained f o r  t he  
pa r t i cu la r  source and detector  used i n  t he  tests. 

The Georgia Tech Interferometer 

The configuration chosen f o r  the spectrometer is  i l l u s t r a t e d  i n  plan 
view i n  f igure  1, and a photograph of the  system i s  shown i n  f igure  2. The 
path taken by the  radiat ion through the system i s  i l l u s t r a t e d  by the  dotted 
l i n e s  i n  f igure  1. Radiation from the noise source (S)  i s  passed through a 
short  sect ion of dominant (TE 

The spherical  wavefront i s  re f lec ted  by the  prolate-spheroidal r e f l ec to r  
(R1) t o  another r e f l ec to r  (R2), through a hole i n  the  mirror (Ml) onto the 

) mode waveguide t o  a waveguide horn (Hl). 10 
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paraboloid (Pl). 
by the  mirror (Ml) and i s  s p l i t  i n  a ve r t i ca l  plane by the  90 degree mirror 
p a i r  (M2-3). 
di rec t ions  are reversed i n  d i rec t ion  of t r a v e l  by the  dihedral  mirrors (DM1, 
DM2) and returned t o  the  second 90 degree mirror pa i r  (M4-3) where the  
p a r t i a l  waves are recombined i n t o  a continuous plane wave. 
af ter  r e f l ec t ion  from mirror (M6) i s  focused by the  paraboloid (P2) onto a 
waveguide horn (H2) i n  a hole i n  m i r r o r  (M6). 
another short  length of dominant mode rectangular waveguide t o  the  detector  

The plane wave o f f  this paraboloid i s  changed i n  d i rec t ion  

The two p a r t i a l  waves, which a re  now t r ave l l i ng  i n  opposite 

This plane wave 

This horn i s  connected by 

(D). 

The r e l a t ive  path length t ravel led by the  two p a r t i a l  plane waves i s  
changed by moving the  two dihedral mirrors (DMl,2), which are mounted on a 
common base or s l ide .  It i s  seen tha t  d i f f e r e n t i a l  path distance i s  in t ro -  
duced a t  four  t i m e s  the  rate of motion of the  s l i de .  

Suppose t h a t  the  s l i d e  i s  positioned such t h a t  a t  a given frequency 
the  d i f f e r e n t i a l  path length is  an odd number of ha l f  wavelengths. 
the  spherical  wave incident on the  detector horn (H2j w i l l  have a phase d i f -  
ference of 180 degrees between the  r ight  ha l f  of the  wave and the  l e f t  
h a l f .  Since the  horn responds only t o  a symmetric spherical  wave, it w i l l  
not accept t h i s  antisymmetric wave, and the  energy w i l l  be reradiated ( r e -  
f l e c t e d ) .  L e t  t he  wave containing t w o  par t s ,  one of which i s  delayed with 
respect t o  the  other,  be represented by the  equal amplitude components 

Then 

Er = E COS ( U t  + @/2) 

( 5 )  E = E COS ( U t  - @ / 2 )  , 1 

where @ = 2n'46/h, and 6 i s  the  s l i d e  displacement from the  symmetric o r  
cent ra l  maximum posi t ion.  
symmetric components, 

By expanding the  wave i n t o  symmetric and a n t i -  

E a = (Er - E1)/2 

and subs t i tu t ing  equation ( 5 ) ,  one obtains 



E = E COS wt cos(g/Zj 
S 

Ea = -E sin ut sin(@/2) . 

The powers in these symmetric and antisymmetric components are 

p = -  E2 cos2 k! s 2  2 

(7) 

Equation (sa) has the form of the intensity at the output of a general two- 
path interferometer (section 8-3 of ref. lo), and it is of the correct form 
to ensure that the process described by equation (2) is valid. 

The process described above in which a symmetrical plane wave is 
sheared by the interferometer delay system into an antisymmetric plane wave 
reveals a disadvantage of this type of wavefront dividing interferometer. 
That is, if an antisymmetric wave is launched from the source, it will be 
converted into a symmetric wave on the exit side, and vice versa. Thus, 
if one attempts to use an extended area source or detector with this inter- 
ferometer, that is, either a source or detectorThich excites or accepts 
both symmetric and antisymmetric modes, interference modulation may not be 
observed, f o r  the power received by the detector will be a constant, on 
the average, as a function of path delay. 
ference modulation take place, energy should enter the interferometer in a 
single spatial mode, in this case a plane "EM wave launched from dominant 
mode waveguide. 

In order that the desired inter- 

11. DEWELOF" 

Model Interferometer 

In order to verify the predicted characteristics of the wavefront di- 
viding interferometer, it was modelled at 15 gc for testing with a klystron 
signal source. A photograph of the mock-up is shown in figure 3. A com- 
parison of the important parameters and experimental results for the model 
and the final form of the spectrometer is made in table I. Experiments on 
the model with a c-w source provided confirmation of the predicted behavior 
of plane waves in the interferometer and allow the following conclusions: 
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1. Energy can be t ransferred from one waveguide terminai t o  another 
i n  a plane-wave mode formed by parabolic mirrors over distances of the  order 
of 0.1 D2/A, where D i s  the paraboloid diameter, with l o s s  as low as 1 .2  db. 
The invest igat ions have established qua l i ta t ive  understanding of the  fac tors  
a f fec t ing  the  launching and recovery losses f o r  plane waves. These are d i s -  
cussed i n  d e t a i l  l a t e r  i n  t h i s  chapter. 

2. Introduction of the  plane mirror "maze" between the paraboloids 
increased the  transmission lo s s  by 2.5 db f o r  both polar izat ions i n  t h e  
model. 
t e r  and dihedral  r e f l ec to r s  where the  f i e l d  in t ens i ty  i s  a maximum. 

a given aperture s i ze  w i l l  be smaller a t  shorter  wavelengths. 

This loss i s  a t t r i bu tab le  t o  d i f f rac t ion  a t  the  edge of beam s p l i t -  
This 

loss  should depend on the  s i ze  of t he  aperture i n  u n i t s  of D 2 /h and thus f o r  

3 .  The wavelength i n  the  interferometer d i f f e r s  from the  free space 
wavelength by an amount depending on the polar izat ion.  
caused by the  r e s t r i c t i o n  of the wave t o  f i n i t e  transverse dimensions. I n  
the  model the  s h i f t  w a s  about 0.3 per cent f o r  the most unfavorable polar i -  
zation, the  E f i e l d  v e r t i c a l ,  and about half  t ha t  amount f o r  the  other  po- 
l a r i z a t i m ,  Using simple dominant-mode ("Elo) waveguide correction, s h i f t s  
cf 0.22 and 0.06 per  cent would be predicted. I n  the f i n a l  model, horizon- 
t a l  pc la r iza t ion  i s  used, and a range o f  s h i f t  of 90 t o  less than 0.1 par t  
per mil l ion f o r  the  wavelength range of 4 mm t o  0.1 mm (loop) i s  expected. 

This s h i f t  i s  

4. The wavelength i n  the  15 gc model w a s  uniform f o r  increases i n  
the  path length of one cf the  half-beams of about 80 cm within the  resolu- 
t i o n  af t he  measurements, about 5 parts i n  10,000. Variation i n  the wave- 
length with path length delay i s  equivalent t o  introducing phase e r r o r  i n  
the  f o u r i e r  transformation. If t h e  maximum resolut ion of the f i n a l  i n s t ru -  
men? of 0.31 cm-l were required a t  a wavelength of 0 .1  mm, a constancy of 
t he  wavelength i n  the  var iable  delay paths of about 25 pa r t s  i n  a mill ion 
would be required,  Sinee a t o t a l  s h i f t  from f r e e  space wavelength of l e s s  
than t h i s  i s  predicted, no prcblem due t o  wavelength var ia t ion  i s  expected. 

5 .  The output of the  detector  as a function of mirror posi t ion when 
t t e  madel interferometer w a s  excited by a continuous wave source w a s  a s ine 
wave with d i s to r t ion  products which were about 25 db below the  fundamental. 
Tkle pr inc ipa l  harmonic component w a s  the t h i r d ,  and it w a s  produced by 
energy i n  the  interferometer which was re f lec ted  from the  detector  horn, 
passed back t o  the  source horn, ref lected a t  the souree, and received a f t e r  
t he  t h i r d  t raverse  of the  interferometer. Doubtless o ther  odd harmonics 
were produced by t h i s  process but  they were not analyzed. 
of t h i s  multiple r e f l ec t ion  d is tor t ion  on the operating range of the spec- 
trometer t o  a 3 : l  frequency range is  no t  serious because a given set of 
terminal waveguide horns w i l l  of themselves l i m i t  useful  operation t o  about 
a 2:1 r a t i o  of frequencies. 

The l imi ta t ion  



Kechanicai Eesign 

The pr incipal  mechanical problem i n  the  design of the  interference 
spectrometer w a s  the  provision of a l i nea r  t r ans l a t ion  mechanism f o r  the  
two dihedral  mirrors.  Coupled with the problem of providing mirror motion 
i s  t h a t  of synchronization of t he  data  sampling 
mirror  posi t ion.  Desirable charac te r i s t ics  t h a t  t h i s  dr ive  should possess 
are l i s t e d  below: 

and recording with the  

1. Traverse the dihedral mirror p a i r  25 cm f o r  t o t a l  path delay of 
1 meter. 

2. Linear i ty  i n  the pos i t icn  of the  mirror s l i d e  t o  the  point i n  
the  dr ive  a t  which da ta  sampling impulses are derived within k 2 . 5 ~  
(+O.OOOl inch) over the  25 cm. 
auxiliary standard of length f o r  deriving the  sampling impulses ( f o r  ex- 
ample, an op t i ca l  interferometer and fr inge counter).  

Alternately,  provision f o r  use with an 

3 .  Smoothness of the  dr ive adequate t o  operate op t i ca l  f r inge  
counter. 

4. Control of speed of dr ive i n  su i t ab le  s teps  f o r  recording sampled 
data  over the wavelength range of 4 mm t o  0 .1  mm. 

Since a dr ive screw with the  desired accuracy which could provide 
bcth fu i c t ions  of t r ans l a t ing  the  mirrors and generating accurate da ta  
sampling control  pulses could not be obtained f o r  a reasonable amount of 
mcney, t he  concept w a s  allcrwed of a separate dr ive mechanism which w a s  
s m x t , k i s  bu t  possibly inaccurate? and a length standard which would produce 
sampling control  pulses a t  precise  increments of mirror posi t ion.  One of 
the dr ive  mechanisms invest igated w a s  a hydraulic system consis t ing of a 
hydraulic cylinder whose piston was r ig id ly  coupled t o  the  mirror s l i d e .  
.?e cyl inder  discharged through a very s m a l l  (0.002 t a  0.005 inch diameter) 
siiarp-edged o r i f i c e .  The i r i le t  side of the  cyl inder  w a s  fed from an ac- 
cumulator which w a s  charged with high-pressure regulated nitrogen i n  the  
range 500 t o  1500 p s i .  Tests  made on a mock-up of a mirror dr ive system 
with a 4 inch diameter cylinder revealed the  following problems: 

A.  It w a s  d i f f i c u l t  t o  remove a l l  a i r  bubbles from the  l i n e s  and 
cylinder,  so t h a t  t h e  ul t imate  s t i f fnes s  of the  system could not be rea- 
l i z e d .  

B. Next t o  bubble compression, s t i f f n e s s  w a s  l imi ted  by the  length 
expansion of the  discharge l i n e ,  which would have t o  be of considerable w a l l  
thickness t o  achieve a su i tab le  s t i f fnes s .  

C .  The necessary f r i c t i o n  contact between pis ton and cyl inder  w a l l s  
and end sea l s  produced appreciable s t i c t i o n  which, i n  combination with the  
reauced s t i f f n e s s  of the system, produced jerky motion of an order much 
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grea ter  t'nan to ie rab ie  since an opt icai  type f'ringe counter wouid be r e -  
quired with t h i s  form of drive.  

3. Operating controls and maintenance requirements appeared t o  be 
excessive f o r  routine convenient operation. 

The combination of our br ief  experience with the  above t e s t  hydraulic 
system, descr ipt ions of otk-er hydraulic approaches ( e  .g. see ref. l3), and 
l imited funding d ic ta ted  a "safe", although compromising approach, using a 
lead screw drive which could perform both functions of da ta  sampling con- 
t r o l  and mirror t rans la t ion ,  but  with reduced accuracy. 

I n  pr inciple  a mechanical lead  screw possesses disadvantages analo- 
gous t o  some of the above fac tors ,  but i n  pract ice  the  state of development 
af screws i s  such as t o  r e s u l t  i n  a stiffer, smoother and easier-to-use 
dr ive with far less development e f fo r t  and maintenance. The configuration 
whieh w a s  chosen uses a cas t  aluminum base or "sl ide"  which supports t he  
two dihedral  mirrors.  
one 6 feet long by 3 inches wide, and an outr igger  2 feet  by 2 inches. 
These rails  are commercial grani te  pa ra l l e l s  with working surfaces f l a t  t o  
f2C pinch. The s l i d e  r o l l s  on recirculat ing r o l l e r  bearings which have a 
specif ied uniformity of 25 pinch. 
0.5 inch diameter rec i rcu la t ing  b a l l  screw with a p i tch  of 0.0625 inch 
with absolute maximum e r r o r  specif ied t o  be less than one pa r t  i n  2000 
cver i t s  useful  length of 20 inches. The combination of these components 
has resul ted i n  an interferometer drive which w i l l  allow a f r ac t iona l  
spec t ra l  resolution of about one par t  i n  500 over the  wavelength range of 
0.1 mm t o  2 mm, and a resolut ion a t  longer wavelengths which i s  l imited 
by the  m a x i m u m  mirror stroke of 25 cm (path delay difference of 1 meter). 
Mechanical t e s t s  of the  dr ive indicate  t h a t  the s m a l l  sca le  slow speed 
accuracy i s  l imited t o  about "-50 pinch by springiness i n  the screw drive-  
shaf t  couplings and screw th rus t  bearing supports. Considerable improve- 
ment i s  expected when these p a n s  are beefed up, which can be accomplished 
i n  the  event t ha t  a t i g h t e r  dr ive i s  required f o r  use with a f r inge  counter 
f o r  da ta  sampling control .  This would only be required i f  f r ac t iona l  reso- 
l u t i o n  less than one par t  i n  500 i s  demanded. 

i'his s l i d e  rides on two grani te  rails ,  a pr incipal  

Motion of the  s l i d e  i s  produced by an 

Optical  Elements and Errors  

(The pr incipal  op t i ca l  elements used i n  the  spectrometer are two 
2-1/2 inch aperture prolate  spheroidal re f lec tors ,  two 12 inch f : l  para- 
tolz&Is,  and 10 f l a t  mirrors.  I n  traversing the  spectrometer from the  en- 
trance horn t o  the e x i t  horn, t he  energy i s  re f lec ted  from 10 surfaces.  
I f  one a r b i t r a r i l y  requires  t h a t  the  t o t a l  phase e r r o r  due t o  incorrect  
surface contour of t he  op t i ca l  elements be less than h/10, and assumes 
t h a t  t h i s  e r ro r  i s  equally dis t r ibuted among the  surfaces randomly, then 
each surface i s  required t o  have an accuracy of 3p t o  be useful  a t  t he  
shrJrtest  design wavelength of 0.1 mm. 
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The f i a t  mirrors a re  made of i/k inch th ick  c o m e r c l d  grade ~ i b 3 y -  
Owens-Ford Paral le l -0-Plate  which w a s  coated with 2 . 5 ~  of evaporated a l u m i -  
num. By se lec t ing  the  bes t  of about a dozen sheets of g lass  from which t o  
cut  t he  mirrors,  plane r e f l ec to r s  w e r e  obtained which when standing free 
on edge were f l a t  t o  within b e t t e r  than one f r inge  of l i g h t  per inch along 
the  surface,  thus sa t i s fy ing  the tolerance allowed above. 

Both the  prolate  spheroidal re f lec tors  and 12 inch f : l  paraboloids 
depart  d r a s t i c a l l y  from the  simple plane o r  spherical  surfaces generally 
f igured by opt ica l  techniques, and yet  f o r  t h i s  instrument the accuracy 
requirements are too severe f o r  the application of conventional machining 
techniques. Although the  accuracy required was crude compared t o  the  
usual  op t i ca l  standards, the d i f f i cu l ty  of f igur ing  these aspherical  sur-  
faces  w a s  re f lec ted  i n  the high pr ices  and long del ivery times quoted by 
conventional op t ica l  sources. L i t t l e  encouragement was given t h a t  the 
pro la te  spheroids could be made at a l l .  The high t o t a l  cos ts  indicated 
f o r  these r e f l ec to r s  made consideration of a compromise of requirements 
or t he  appl icat ion of unconventional techniques a t t r a c t i v e .  I n  par t icu lar ,  
it appeared f eas ib l e  t o  do a reasonable amount of speculative invest igat ion 
on a new technique of r e f l ec to r  fabr icat ion.  

The required 12 inch diameter f : l  paraboloids were designed and fab- 
r i ca t ed  a t  Georgia Tech by a novel method. A complete descr ipt ion of these 
r e f l ec to r s  and the  method of fabr icat ion i s  given i n  the  next section. 
These r e f l ec to r s  have been t e s t ed  by simple op t i ca l  techniques with incon- 
c lusive results. The e r r o r  of surface contour i s  ce r t a in ly  no grea te r  
than 2 1 2 ~  (0.0005 inch) ,  but it has not been possible t o  define the accu- 
racy closer .  This i s  because t h e  test de f in i t i on  seems t o  be l imited by 
the  s m a l l  scale  op t i ca l  polish on the  s o f t  aluminum surface ra ther  than 
the  gross surface contour. 

The prolate  spheroid r e f l ec to r s  were machined on a l a t h e  from alumi- 
num p l a t e  by feeding coordinates t o  cross and a x i a l  feeds. They are  known 
t o  deviate  from the  desired surface by as much as +0.001 inch ( 2 5 ~ ) .  
operation of the  spectrometer a t  wavelengths much shor te r  than 1 mm, these 
r e f l ec to r s  may have t o  be replaced with ones having improved accuracy. 
placement of these r e f l ec to r s  i s  shown i n  the  close-up photo of f igure 4.  
They provide a beam region of foca l  r a t i o  about f:2.5 f o r  introduction of 
so l id  absorption samples and short  gas c e l l s .  
region are about 6 cm diameter a t  each end with a c l e a r  length of 20 cm. 

For 

The 

The beam dimensions i n  t h i s  

The opt ica l  elements which a re  adjustable i n  posi t ion a re  the  four  
f l a t  mirrors which divide and recombine the  plane wave i n  the  interferom- 
e ter  and the  paraboloids. The former a re  adjustable  i n  angular or ien ta t ion  
only, and the  l a t t e r  i n  both elevation and azimuth angles and t r ans l a t ion  
along three  axes. The movable dihedral mirrors  and the  la rge  45" mirrors 
a re  positioned i n  f ixed mounts. The prolate spheroid which i s  j u s t  behind 
the  l a rge  45" mirror i s  f ixed i n  posit ion and i t s  twin i s  adjustable  with 



respect t o  the source feed hol"Il. Alignment of the  elements of t he  spec- 
trometer i s  not d i f f i c u l t  provided the precaution i s  taken i n i t i a l l y  t o  
a l ign  the  system op t i ca l ly  with a point-source l i g h t  before beginning the  
process of touching up the adjustments f o r  minimum transmission l o s s .  

Component Development 

Twelve-inch Paraboloids.- The f : l  paraboloids were constructed by 
rep l ica t ing  a machined stainless steel mandrel as shown i n  f igure  5a. This 
male parabolic surface w a s  machined i n  a carefu l ly  annealed b i l l e t  of 17- 
4PH s t a i n l e s s  i n  the  following manner. The cy l indr ica l  b i l l e t ,  approxi- 
mately 30.5 cm i n  diameter b y 1 0  cm high, w a s  mounted on a spindle which 
w a s  supported by a trunnion bearing. The trunnion was mounted on a s l id ing  
t a b l e  of a v e r t i c a l  m i l l  so  t h a t  the  direct ion of t r a v e l  or feed w a s  i n  t he  
plane of the  spindle ax i s  and normal t o  t he  trunnion axis .  The v e r t i c a l  
ax is  m i l l  cu t t e r  w a s  a cy l indr ica l  one cu t t ing  on i t s  s ide tangent t o  the 
parabolic surface. The parabolic coordinates w e r e  specif ied i n  a spherical-  
---I-- ,,---a:--&- pula1 Luululllabt: sj;~teiii i n  which the aplildle was tiie polar a i s  aiid sy-Cfimet1-y- 

* of +Le uLlc -..n palauolu.,.u, I. l - < d  allu --a A L -  ullt: -- pvlar angle ( z l g l e  between polar axis a d  &Xis 
point of tangency with m i l l  c u t t e r )  was generated by ro ta t ions  about the  
trunnion axis. The r ad ia l  coordinate w a s  fed as a correction t o  the  24 
inch cent ra l  radius of curvature. This correct ion t o  the  radius w a s  read 
by a d i a l  indicator  accurate t o  +e5 pinches, and it ranged over about 0.012 
inch ( 0 . 3  mm) f o r  the  f : l  paraboloid. 
Schwartz Boring Company of Detroi t ,  Michigan, and they indicate  the  mandrel 
surface t o  be within + 5 O  pinches of the desired contour. 

The machining w a s  performed by 

It w a s  o r ig ina l ly  intended t h a t  the  mandrel be repl icated by e lec t ro-  
forming copper on the surface,  bonding t h i s  copper t o  a support s t ruc ture ,  
and then separating the  copper from the mandrel. Tests on s m a l l  stainless 
steel  samples indicated d i f f i c u l t y  i n  parting the  copper from the  s t a in -  
l e s s .  Surface treatments consis t ing of s i l i cone  grease, aquadag and s i m i -  
l a r  contaminant re lease coatings, and mild surface etches w e r e  t es ted .  
Those treatments which allowed the  plat ing t o  be removed from the  t e s t  
samples with reasonable l eve l s  of s t r e s s  had allowed the  copper t o  p a r t i a l l y  
pu l l  away from the s t e e l  during the  plat ing so t h a t  accurate rep l ica t ion  
w a s  not accomplished. No sa t i s fac tory  chemical par t ing treatment w a s  
found, and it w a s  not feas ib le  t o  es tab l i sh  an adequate evaporation f a c i l i t y  
t o  apply the  techniques successfully used by others  ( re f .  14) .  E f fo r t s  t o  
use t h e  electroforming rep l ica t ion  technique w e r e  postponed, and an alter-  
nate method w a s  used. 

The fo i l - t r ans fe r  rep l ica t ion  technique i s  i l l u s t r a t e d  i n  f igures  
5b and 5c.  A sheet of s o f t  aluminum f o i l  about 0.001 inch th ick  i s  mounted 
i n  an aluminum r ing  frame. This frame is  pulled down around the  mandrel so 
t h a t  the f o i l  i s  s t re tched i n  contact with the  parabolic surface of the 
mandrel. I n  f igure  5b the  f o i l  has been only p a r t i a l l y  s t re tched.  The 
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mandrel and f o i l  a re  then inverted m e r  the  bscking s t x c t u r e  of t he  re- 
f l e c t o r  as i n  f igure  5c. The mandrel is  then lowered slowly i n t o  the  back- 
ing s t ruc tu re  i n  which an epoxp  adhesive has been poured so t h a t  excess 
adhesive i s  displaced outward from the center  forming a uniform adhesive 
bond. A f t e r  room temperature curing for  24 hours, t he  mandrel i s  removed 
2nd the  f o i l  trimmed, resu l t ing  i n  the r e f l ec to r  shown i n  f igure  5d. 

The backing f o r  the f o i l  i s  s l ip-cas t  fused s i l i c a ,  which has pre- 
viously been applied t o  the  construction of op t ica l  mirrors (Appendix 1 
of ref. l 5 ) H .  
w e r e  ca s t  against  t he  mandrel by a two-step process. The s i l i c a  blanks 
had r a the r  poor accuracy because of considerable shrinkage of the  female 
and m a l e  p l a s t e r  rep l icas  against  which the  s i l i c a  s l i p  w a s  ca s t ,  and be- 
cause of s l i g h t  shrinkage of t he  s i l i c a  i n  f i r i n g .  The discrepancy be- 
tween the  shape of the  s i l i c a  blank and the f o i l  rep l ica  of the  stainless 
steel mandrel i s  made up by the  varying epoxy adhesive thickness. This 
nonuniformity of adhesive thickness i s  expected t o  be a major f ac to r  i n  
the  accuracy and s t a b i l i t y  of re f lec tors  made by t h i s  process. 

These s t ruc tures  were c a s t  against  p l a s t e r  molds which 

rn,, LcatLL16 fnn  of these r e f l ec to r s  I s  8s d l f f i c i l l t  as the  g e i i e r d  pro3lzc; 
of construction. 
l e v e l  conveniently measurable by conventional mechanical techniques, yet  
t he  f i n e  grained surface of t he  aluminum f o i l  i s  such as t o  make accurate 
t e s t i n g  by op t i ca l  methods d i f f i c u l t .  A longi tudinal  aberrat ion t e s t  per- 
formed by masking off  r ings on the surface w a s  l imited t o  about 0.0005 inch 
(12~) equivalent surface e r r o r  i n  resolution, and within t h i s  resolut ion 
the  surface has t h e  desired contour. Because of l imited knowledge and tech- 
nique of polishing s o f t  aluminum f o i l ,  the  resolut ion of t h i s  t es t  i s  the  
bes t  we  have achieved. When a b e t t e r  polishing technique i s  learned, i m -  
proved accuracy of the  opt ica l  measurements can be achieved. 

The gross contour accuracy i s  probably b e t t e r  than a 

Feed Horns.- It i s  of ten desirable t o  launch an electromagnetic wave 
from a waveguide, focus it in to  a plane wave of l imited cross section, and 
recover the  energy i n  the  near f i e l d  of t he  t ransmit t ing terminal i n  another 
waveguide with low overa l l  transmission l o s s .  The spectrometer being d i s -  
cussed i s  an example of such an instance. The design requirements set by 
t h i s  task  on the necessary microwave opt ica l  elements, which a re  focusing 
lenses  or r e f l ec to r s  and waveguide horn terminations, are d i f f e ren t  from 
those encountered i n  a t t a in ing  optimum antenna cha rac t e r i s t i c s  i n  the far 
f i e l d  with the  same devices. The following requirements must be met for 
low-loss transmission between la rge  apertures i n  the  near f i e l d :  

*Shell Chemical Company Epon 815 with Curing Agent U .  

-Appendix 1 of reference 15 describes work on s l ip -cas t  fused s i l i c a  
mirrors performed f o r  Perkin-Elmer Corporation by the  High Temperature 
Materials Branch, Engineering Experiment S ta t ion ,  Georgia I n s t i t u t e  of 
Technology . 



1. The concept of impedal?-ce nitching mst be s a t i s f i e d  a t  each p i n t  
of the  wave. That i s ,  a t  every point i n  a plane normal t o  the ax i s  of the  
system, t h e  d i r ec t  wave must have a complex amplitude which i s  the  conjugate 
of t h a t  of the  reciprocal  wave (one for t ransmit t ing and receiving terminals 
reversed).  
t o  t he  necessi ty  of i den t i ca l ly  equal amplitude d is t r ibu t ions  over the  
plane and zero phase e r r o r  from plane phase. 

If the  terminals a re  t o  be ident ica l ,  t h i s  requirement reduces 

2 .  Prac t i ca l ly  speaking, i f  the maximum transmission path i s  t o  be 
rea l ized  with l o w  loss ,  propagation must be predominantly i n  the  lowest 
order beam mode (refs. 16 and l7), which i s  one with maximum amplitude i n  
the  center ,  tapering monotonically toward zero a t  t he  edges of t he  beam. 

3 .  Requirement 2 ind ica tes  t h e  d e s i r a b i l i t y  of use of a dominant 
mode waveguide terminating i n  a simple horn, which would rad ia te  a spherical  
wave concentrated along the  ax is  of the waveguide, and e i t h e r  a l ens  o r  
parabolic r e f l ec to r  t o  correct  t he  wavefront from spherical  t o  plane. 
quirement 1 t r a n s l a t e s  i n t o  requirements t h a t  the waveguide horn have a 

Re- 

---ll ,?..P<-..-d --...&-- WCLI u c ~ ~ i i c u  L c l i b c L  of ~ ~ Z S Z  zs 2 fiiiictioii of i-aiiiatiori a igie ,  a i d  i'nat 
the Center of @as? ir; E and E p l a i ~ ~  be coiiicideiit. Fui-tiier, it i s  neces- 
sary t h a t  t he  center  of phase be invariant with changes i n  frequency over 
the  approximately 2:l waveguide band. 

4. Final ly ,  t he  horn must be simple i n  construction so t h a t  it can 
be fabricated a t  any wavelength f o r  which dominant mode rectangular wave- 
guide i s  feas ib le ,  even i n  very short  lengths. 

Open ended waveguide o r  waveguide with only very s l i g h t  f l a r i n g  t o  
form a horn i s  su i tab le  f o r  feeding paraboloids o r  deeply curved meniscus 
lenses  having shor t  foca l  lengths o r  l o w  f-number of t he  order of f:O.25. 
However, a la rge  r e f l e c t o r  with a focal r a t i o  t h i s  small i s  impractical  a t  
shor t  wavelengths because one cannot t o l e ra t e  the  l o s s  i n  waveguide from 
the  terminal device (de tec tor  or source) a t  t he  r e f l ec to r  edge out of t he  
beam i n  t o  the  foca l  point,  nor can one t o l e r a t e  t he  aperture blocking suf-  
fered when a r e l a t ive ly  bulky device i s  placed i n  the  center  of the  re- 
f l e c t o r  i n  order t o  minimize waveguide length.  Short foca l  length lenses  
require l a rge  amounts of d i e l e c t r i c  material ,  and because of the  r e l a t i v e l y  
high lo s ses  of d i e l e c t r i c  transmission a t  short  wavelengths, they have not 
been considered p rac t i ca l .  If one can use a r e f l e c t o r  with a foca l  r a t i o  
of a t  least  f : l ,  it i s  possible t o  keep the  waveguide run from the  device 
t o  the  feed horn short  so  t h a t  losses are small, and ye t  keep the  terminal 
devices out  of the  plane wave i n  the  aperture of t he  paraboloid. This i s  
done by feeding the  paraboloid through a s m a l l  hole i n  a 4 5 O  f l a t  r e f l e c t -  
ing mirror a s  shown i n  f igure  1. Thus the  remaining problem of consequence 
i n  r ea l i z ing  sa t i s f ac to ry  terminal optics i s  the  design of a simple e f fec-  
t i v e  feed horn f o r  an f : l  paraboloid. 

High qua l i ty  feed horns f o r  such comparatively long foca l  length 
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systeI;..s have been desigced ( r e f s .  18 acd 13) vkich maintain good control  
over unwanted sidelobe radiat ion.  Neither of the designs referred t o  a re  
su i t ab le  f o r  the present application, however, because they appear t o  be 
f a i r l y  narrow band i n  performance, and they are ce r t a in ly  much too compli- 
cated t o  fabr ica te  a t  wavelengths of a f e w  tenths  of a mill imeter where it 
should be f eas ib l e  t o  fabr ica te  and use short  sect ions of waveguide. 

A waveguide feed horn which does a f a i r  job of sa t i s fy ing  the  above 
requirements i s  shown i n  f igure  6. 
waveguide. 
i n  the  region the  spectrometer i s  used, development w a s  performed a t  X -  
band and the  dimensions scaled. 
crossed-pyramid horn. It can be seen tha t  the  amplitude d i s t r ibu t ion  i s  
the  same f o r  E-plane, H-plane and 4 5 O  cuts,  and t h a t  t he  phase center i s  
e s sen t i a l ly  constant over a wide angle and i s  a t  t he  same point i n  both E 
and H planes. This horn, on which the  grea tes t  amount of data  was taken, 
i s  su i t ab le  f o r  use with an f:0.75 re f lec tor .  A modified design w a s  used 
with the  f : l  spectrometer op t ics .  This design was taken from the  da ta  i n  
f igu i - e  8, w h i c h  graphs the  ax ia l  iengtn and inciuded angie of horns as a 
Tuiictloli of theti- bearrrwidtn a t  3, 16, and 221 cib below the peak. 

This horn is  dimensioned f o r  RG-98/U 
Because no equipment w a s  available f o r  t e s t i n g  such a device 

Figure 7 out l ines  the  performance of the 

It i s  f e l t  t h a t  the  horn design shown i n  f igure  6 can be fabricated 
down t o  extremely short  wavelengths. I t  i s  probable t h a t  conventional 
machining techniques may be used down t o  wavelengths of the  order of 1 mm 
where waveguide dimensions are of t he  order of 0.45 x 0.9 IIIUI (0.0175 x 
0.035 inch) .  
A pyramidal hob would be ground i n  a sui table  hard material. This hob 
would be forced in to  the  material from which the  horn i s  t o  be made, leav-  
ing a pyramidal depression. Two of these depressions should be made, each 
i n  a separate block. I n  a mil l ing operation, followed by lapping, one s ide  
of each depression i s  milled away along a diagonal leaving only ha l f  of 
each pyramid. I n  the  milled s ide of each block along the  ax i s  of t he  horn 
a square groove i s  cut which i s  one half of the  rectangular waveguide. 
This operation would be performed with a single-toothed s l i t t i n g  s a w  i n  
the  manner used successfully by CSF i n  the  fabr ica t ion  of Carcinotron 
s t ruc tu res  ( ref .  20).  The two blocks are then pinned or sweated together 
and the  face of the horn milled and lapped t o  give the  correct  horn length.  
A short  focal-depth microscope on a three-dimensional ca l ibra ted  t raverse  
w i l l  be indispensable f o r  gauging the  horn a t  various s tages  of t he  above 
process. 

A t  shor te r  wavelengths the following procedure would be used. 

I 
I 



Data Recording and Processing 

There are several  notable differences i n  the  procedure of using an 
interference spectrometer compared t o  conventional grat ing o r  prism spec- 
trometers.  I n  the  l a t t e r  case, spectral  information i s  obtained d i r e c t l y  
i n  t h e  de tec tor  output as a function of t h e  gra t ing  scan angle, whereas i n  
the  former case the  interferogram must be processed i n  order t o  obtain 
spec t ra l  data.  I n  addition, useful  information i s  contained i n  the  i n t e r -  
ferogram f o r  long path delays a t  which the  apparent signal-to-noise r a t i o  
i s  zero as judged from an analog p lo t .  The a v a i l a b i l i t y  of a d i g i t a l  com- 
puter  f o r  performing the  necessary four ie r  transformation of the  in t e r f e ro -  
gram makes it highly desirable  t o  record the  interferogram d i r e c t l y  i n  
d i g i t a l  form; the  la rge  amount of data  required t o  r ea l i ze  the  maximum 
resolut ion makes the  use of d i g i t a l  recording and handling techniques 
mandatory. 

rn .me Spectrometer output and recording arrangement which i s  presentiy 
used i s  shown i n  f igures  9 and 10. 
t e c t o r  is  d ig i t i zed  by a voltage-to-frequency converter whose output i s  
counted f o r  one second on command from a set of cam-driven contacts on the  
interferometer screw drive.  
scanner f o r  punching. The f i n a l  output medium i s  serial paper tape i n  a 
BCD form compatible with the  avai lable  Burroughs 220 computer. The phase- 
sens i t ive  amplif ier  contains controls f o r  adjusting gain and o f f se t  l eve l s  
of the  output. 

The output of t he  phase sens i t ive  de- 

The counter decades are read with a Dymec 

The d e t a i l s  of calculat ion of the spec t ra l  power densi ty  function 
from the interferogram w i l l  not be described here.  A very complete and 
sophis t icated handbook e x i s t s  wr i t ten  by Mme. Janine Connes ( r e f .  12 ) .  
However, several  aspects of the  process of obtaining the  spec t ra l  power 
densi ty  function need t o  be discussed in  order t o  in t e rp re t  r e s u l t s  which 
character ize  the  performance of t h i s  spectrometer. 

Resolution. Whereas idea l ly  the  spectrum, B( v ) ,  should be calculated 
from 

m 

B( v )  = ~ V ( X )  COS( ~ I I X V / C )  dx , 
-a3 

(9 )  

a transformation of an interferogram over an i n f i n i t e  range of path delay, 
x, i n  pract ice  the  integrat ion which i s  performed i s  
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L 

5 ( v )  = l V ( x )  A(x) cos(2nxv/c) dx . 
0 

This transformation d i f f e r s  from ( 9 )  i n  t h a t  the  in tegra t ion  i s  performed 
over a f i n i t e  range of delay, 0 d x 5 L, and an apodizing function, A ( x ) ,  
has been included. Integrat ion from the center out t o  x = L i s  allowed 
because of the symmetry of ( 9 ) .  
x = L is  t o  introduce a smearing of the spec t ra l  function. 
i f  t he  or ig ina l  power spectrum were a monochromatic l i n e  a t  v = v 

V(x) would have the  form Vocos( 2nxvo/c). 

culated i n  (10) with A(x) = constant wauld result i n  

The ef fec t  of terminating the  in t eg ra l  a t  
For example, 

then 
0' 

This interferogram function ca l -  

V L  
B j v j  = - n sini2zjv-v j i j c j j i 2n jv -v  j L j C 1  . 

2 0 0 
( u j  

This familiar function has a width at  half  height of only 0.6 c/L whereas 
it has undesirable "sidelobes" which are of the order of 23 per cent of the  
main peak. 
of x, t he  sidelobe l e v e l  can be substant ia l ly  reduced. 

If one makes A(x) an appropriate monotonic decreasing function 

The apparatus function of equation (11) has a peak amplitude which 
increases as L. 

i s  a spec t ra l  power densi ty  referred t o  t he  bandwidth Av = c/L. 

If E ( v )  i s  divided by V L/2, then the  resu l t ing  function 
0 

The numerical in tegra t ion  which w a s  performed by the d i g i t a l  computer 
i s  

where M i s  the  index of the  designated zero point and b i s  the  d i f fe ren-  
tial path length change between data  points. I n  a l l  of t he  examples pre- 
sented i n  t h i s  report  t he  apodizing function A = (1 - j N )  w a s  used, and 

no attempt w a s  made t o  estimate and use an interferogram zero point ly ing  
par t  way between two da ta  points.  
width of the spec t ra l  function a t  half  height of about 0.9 c/L and has 

j 

The above apodizing function gives a 



s i d e ~ ~ b e e s  aboat 6 per cent of t h e  peak. 

Signal Power Density and Noise 

A t  wavelengths and temperatures where the  Rayleigh-Jeans approxi- 
mation t o  the  Planck l a w  i s  val id ,  a matched (black) radiat ion source a t  
temperature T w i l l  de l iver  i n  a bandwidth Av an amount of power 

S 

Ps = k Ts AV 

The signal-to-noise r a t i o  for a detector with known NEP may be calcu- 
l a t e d  from 

(13) 

where Bv i s  L e  post-detection integrat ion bandw-dth and I? i s  the  t rans-  

mission f a c t o r  of t he  interferometer. The f ac to r  of 0.5 i s  included t o  
account f o r  t h a t  portion of t he  radio-frequency power which r e s u l t s  i n  a 
dc b i a s  i n  the  interferogram. 

Assume an interferogram composed of 350 samples each one second long 
spaced 0.00833 inch apart  i n  path delay. = 14,700 

de@ and detector  with NEP = 6 -'I* watt/cps1/2 a t  the  peak of i t s  response 
are used. The processed spectrum w i l l  have a spec t ra l  resolut ion approxi- 

mately given by Av = c/L = 3 
grat ion bandwidth i s  Bv = 1/(2n x 350) = 4.5 
e t e r s  and an interferometer transmission r of 0.4 ( 4  db lo s s ) ,  one should 
expect a signal-to-noise r a t i o  of 

A noise source with T 
S 

10 /(2.54 x 350 x 0.00833) = 4 gc. 
-4 

The in t e -  

cps. Thus f o r  these param- 

*In t h i s  notation numbers between 1 and 10 which a re  followed by a 
superscr ipt  are mult ipl ied by 10 raised t o  the  superscr ipt  power. Thus 
6 -11 -11 implies 6 x 10 . 



i.38-23 1.47' 4' 0.5 0.4 

6-11 2.2-2 10 

a t  the  peak of the  detector  response. 

I n  f igure  11 are shown spectrum calculations of three independent 
interferograms taken f o r  the  same spectrometer conditions; t h a t  is, t h e  
only difference between the interferograms, and hence between the spectra,  
should be caused by the  noise of t he  detector.  Fram f igure  11 the  rms 
noise i s  estimated t o  be 0.8 power un i t s  while the maximum displacement i s  
of the  order of 18.5 power uni t s ;  these result i n  a signal-to-noise r a t i o  
of 23. 

I n  comparing t h i s  r a t i o  with the r e s u l t  of the previous calculation, 
a discrepancy of a f ac to r  of 5 i s  noted. 'Zhis i s  pa r t iy  dce t o  the f a c t  
t h a t  i n  t h e  calculat ion the  modulation e f f ic iency  w a s  not considered, nor 
w a s  t he  effect of apodization on the  signal-to-noise r a t i o .  Tcgether these 
account f o r  a f ac to r  of 2, leaving a discrepancy of a f ac to r  of 2.5 unex- 
plained. 

The noise equivalent power of a detector  may be estimated using 
equation (13) and an addi t ional  b i t  of information: t h a t  the  audio s ignal-  
to-noise r a t i o  of the  detector  i s  20 db when the  interferometer i s  set a t  
i t s  zero point (equal path lengths i n  the two arms). 7n t h i s  measurement 
the  amplif ier  bandwidth w a s  5 cps, and the  source temperature i s  assumed 

t o  be 1.47 de&. 
mated t o  be 18 gc. 
culated from 

4 From f igure  11 the  e f fec t ive  detector  bandwidth i s  es t i -  
The noise equivalent power of the  detector  may be ca l -  

k T s E r  

dB S/N 
NEP = 

V 

- - i.38-23 1 . 4 ~ ~  1.8'' 0.4 
2.24 10 

= 6.5 -11 watts/cps 1/2 
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This i s  i n  accordance with the detzminat ion of ~ o n g  
21) made with another instrument. 

Butterworth (ref.  

Spectral  Bandpass 

The background shape of a spectrum obtained with the  spectrometer such 
as the  one s h m  i n  f igure  11 i s  determined by a number of fac tors .  
most obvious and in f luen t i a l  f ac to r  i n  t h i s  case i s  the  response of t he  
bolometer detector .  The bolometer i s  an evacuated waveguide bar re t te+  
which i s  apparently tuned f o r  m a x i m u m  response a t  50 gc. The e f f ec t ive  
temperature and emissivity of t he  noise source a l s o  a f f ec t  the  shape of the  
spectrum. The noise source used i n  the tests of t h e  instrument w a s  a 
waveguide mounted low-pressure neon plasma= with an advertised e f fec t ive  
temperature i n  the  RG-98/U waveguide band of 14,700 degK. ‘The f a i l u r e  of 
i t s  output a t  wavelengths shorter  than about 4 mm pmbably contributes t o  
the  apparent lack of radiat ion a t  short wavelengths. 

The 

An important influence on the  spectral  shape i s  the  depth t o  which 
var ious spec t ra l  components are modulated by the  interferometer.  A s  w a s  
emphasized i n  chapter I, only energy propagating through the  interferometer 
i n  the  lowest order plane wave alone i s  f u l l y  modulated. Thus energy a t  
high frequencies a t  which the  horn feeds launch many modes may not be 
modulated. 
f r ac t ion  of t o t a l  energy which i s  idea l ly  modulated by the  interferometer.  
Spot checks at several  frequencies i n  the range of 63 t o  73 gc with a c-w 
source indicated modulation e f f ic ienc ies  of 0.93 t o  0.98. However, refer- 
ence t o  f igure  12, which i s  a p l o t  of par t  of an interferogram taken with 
the  broadband noise source, indicates  a ne t  modulation e f f ic iency  of only 
0.70. This reduction i n  eff ic iency i s  believed to be caused by energy a t  
high frequencies not being modulated and perhaps by s l i g h t  misalignment of 
the  waveguide horns, which allows more energy t o  propagate i n  one s ide of 
t he  interferometer than i n  the  other.  

One i s  lead t o  the  concept of a modulation eff ic iency,  t he  

An extreme example of reduction i n  modulation e f f ic iency  i s  afforded 
by the  result of an experiment i n  which a high pressure mercury a rc  w a s  
used as a noise source without a waveguide feed. While the  t o t a l  power re- 
ceived by the  bolometer w a s  large,  it w a s  radiated from the  extended area 
source and propagated through the  interferometer i n  many modes. Thus it 
w a s  not surpr is ing t o  observe a modulation efficiency of only 0.10 i n  t h i s  
case. 

*PRD Electronics  holder type 634 with PRD type 632 and M S I  Electronics  

*Roger White Electron Devices type GNW-18-v. 
type 134 ba r re t t e r s .  
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‘The same mercury source was used w i t h  a waveguide iiolTi feed i n  order 
t o  s e l e c t  a s ingle  mode. Although the  t o t a l  power a t  the  zero point w a s  
reduced d ras t i ca l ly ,  the  modulation eff ic iency w a s  then high. The spectra  
calculated f o r  both these cases are plotted over each other  i n  f igure  14 
and ind ica te  t h a t  t he  modulated power received w a s  the  same i n  each case. 
The signal-to-noise r a t i o  i s  small here because t h i s  source, a 250 w a t t  
mercury-arc street lamp, has a l o w  effect ive temperature (estimated t o  be 
about 1300 de@) . 

Effect  of Choice of Zero Point 

There are two primary e f f e c t s  of var ia t ion  of choice of t he  zero 
point of t he  interferogram: 
odic basel ine s h i f t .  These are i l l u s t r a t e d  i n  two tests which w e r e  a t -  
tempted t o  display the  charac te r i s t ics  of t he  spectrometer. I n  one the  
input of the spectrometer was a monochromatic wave obtained from a klystron 
and frequency mul t ip l ie r .  The spectra which w e r e  calculated are shown i n  
f igure  1-3. Calculations were made using three  d i f f e ren t  length sect ions of 
the  interferogram corresponding t o  maximum path delay lengths  of 18.3, 38.5 
and 81 cm. The widths a t  half  height of the  peaks a re  1550, 720 and 330 
mc, respectively.  I n  these calculations a t r i ang le  function w a s  used f o r  
apodization, and the  same zero point for  the  interferogram w a s  used i n  
each. Note t h a t  the  sidelobe s t ructure  i s  not symmetric, which indicates  
t h a t  t he  choice made of zero point w a s  not precise  and t h a t  it d i f fe red  from 
the  cor rec t  one by about 0 .l5A ( r e f s .  12 and 22). N o  attempt w a s  made t o  
recalculate  t h i s  spectrum using a be t t e r  estimate of the zero point. 

asymmetry of the  spec t ra l  function and a peri- 

I n  f igure  15 are shown transmission curves of a high-pass f i l t e r .  
This f i l t e r  w a s  made by introducing a sect ion of rectangular waveguide with 
reduced H-plane dimension i n  f ront  of the detector .  
not propagate energy w i t h  wavelength greater than twice t h e  width of the  
waveguide. Two calculat ions are  shown with the  f i l t e r  using t r iangular  
apodization and sect ions of the  interferogram 11.5 and 41.5 cm long r e s u l t -  
ing i n  spec t ra l  resolut ions of about 3 and 1 gc, respectively.  The dotted 
curve bounds t h e  spectrum power which w a s  blocked by the  f i l t e r .  

This choke sect ion w i l l  

Several comments are appropriate t o  the  curves of f igure  15. The 
cut-off slope of the  f i l t e r  i s  much sharper than t h a t  revealed by these 
calculated spectra; t h a t  is, the  slope i s  l imited by the  interferogram 
length used r a the r  than by the  f i l t e r  charac te r i s t ic .  
t he  1 gc resolut ion curve i s  very much grea te r  than tha t  of the  4 gc reso- 
l u t i o n  curve. This cannot be explained as an increase i n  the  spectrum 
noise caused by using a longer section of interferogram because a length 
increase of four  t i m e s  should increase t h e  noise f luc tua t ion  only by a 
f ac to r  of two. The f luctuat ion might be produced by multiple re f lec t ions  
between the  detector ,  the  f i l t e r  section and the  receiver  waveguide horn, 
a l l  of which have about the  correct  separation t o  give the  observed 

The osc i l l a t ion  i n  



pei-alodicity. TT----v* nuwcver, t h i s  wmld ne t  accotlnt f o r  t he  f luc tua t ion  i n  the 
stop-band region where tunnelling through the  f i l t e r  i s  ce r t a in ly  negligible.  
The rapid growth of amplitude of  the  f luctuat ions with decreasing spec t ra l  
resolut ion suggests a t rans ien t  phenomenon associated with the  sharp d i s -  
cont inui ty  of the  spectrum, but the exact nature has not been determined. 

The e f fec t  of var ia t ion  of  choice of the  zero point f o r  t he  i n t e r -  
ferogram on sh i f t i ng  the  baseline of the  spectrum i s  i l l u s t r a t e d  i n  f igure  
16 using the  same data sample as curve B of f igure  15. The three curves of 
f igure  16 represent choices of zero point d i f f e r ing  by about h/30 a t  50 gc. 
Qua l i t a t ive ly  they are similar but there are major differences i n  the  ind i -  
cated spectrum l e v e l .  The discrepancy i s  most obvious a t  frequencies below 
50 gc, where there  i s  cer ta in ly  no energy reaching the detector .  

The problem of locat ing the  correct zero point i s  present ly  the  most 
vexing i n  the  use of t he  spectrometer. Mechanical methods a re  inadequate 
because d i f f e ren t  setups and adjustment conditions of the  interferometer 
w i l l  vary the  point of zero d i f f e ren t i a l  path delay. 
gained w i t h  the  instrument has incilcated thizt recalzulstiar, af 8r: i n t e r -  
ferogram w i t h  new t r i a l  select ions f o r  the z s m  point i s  the  mst  success- 
ful way of finding the  correct  point.  This redundancy of calculat ion i s  
not e n t i r e l y  wasteful, however, because i f  d i f f e ren t  interferograms are 
used i n  which the detector  noise is  independent but  a l l  o ther  conditions 
including the re la t ionship  of t he  data sampling control  pulse t o  the  dr ive 
screw remain unchanged, then the  additional calculat ions a l so  serve t o  de- 
f i n e  accurately the  noise  l e v e l  i n  the spectrum. This w a s  i l l u s t r a t e d  i n  
f igures  11 and 14. 

The l i t t l e  experience 

I V .  REVIEW 

The pr inciples  of operation and construction of the  interference 
spectrometer have been reviewed i n  order t o  reveal the  pecu l i a r i t i e s  of 
use and the  l imi ta t ions  of i t s  applications t o  spectrometric problems. It 
i s  evident ly  an instrument pecul iar ly  w e l l  su i ted  t o  the  long wavelength 
end of t h e  difficult-to-instrument submillimeter region; i n  t h i s  region it 
w i l l  produce unusually s m a l l  spec t ra l  resolution, 0.01 cm-1 or one pa r t  i n  
500, whichever i s  the  grea te r  l imitat ion.  

Problems i n  the  development of the instrument were outlined, some of 
which resul ted i n  unusual solut ions.  Notable are a method of fabr ica t ing  
a t  low u n i t  cost  parabolic r e f l ec to r s  of moderate s i z e  and accuracy and a 
moderately e f f i c i e n t  waveguide feedhorn whose construction i s  so simple t h a t  
fabr ica t ion  i s  promised down t o  wavelengths where waveguide techniques a re  
generally considered too d i f f i c u l t  today. 
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The s p c t r m e t e r  is i ts  -,resent s t a t e  is or - iy  p a r t i a l l y  cmpleted,  
with compromises i n  the following areas. 
b a l l  l ead  screw, has a r e l a t i v e  accuracy of only about one pa r t  i n  2000, 
which l i m i t s  the  spec t ra l  resolut ion t o  about one pa r t  i n  500. Very few 
spectroscopic problems would be expected t o  require  b e t t e r  resolut ion i n  
t h i s  region. The s m a l l  prolate  spheroid r e f l ec to r s  have e r ro r s  i n  f igure  
which l i m i t  their  usefulness t o  wavelengths longer than about 1 m .  The 
12 inch diameter paraboloids a re  known t o  be accurate t o  +12p and may be 
better; therefore ,  they w i l l  c e r t a in ly  not l i m i t  operation at  wavelengths 
longer than about 0.5 em. 
single-mode plane wave propagation i n  the interferometer have been fabri- 
cated only f o r  the 3.75 t o  7.5 mm region. 
f o r  operation a t  shor te r  wavelengths w i t h  t h i s  instrument. The only de- 
t e c t o r  on hand f o r  use w i t h  the instrument i s  a waveguide-mounted evacuated 
b a r r e t t e r  bolometer which has useful  s e n s i t i v i t y  on ly  i n  the  region of 4 t o  
7 mnl. 

The mirror dr ive,  a rec i rcu la t ing  

The waveguide feed horns necessary t o  ensure 

Other horn pa i r s  w i l l  be required 

Only l i m i t e d  evaluation of the  instrument has been made. T e s t  re -  
suits nave been shown of a spec t ra i  "iine!! simuiated by a kiystron harmonic 
mui t ip i i e r  w i t h  a spec t r a i  resoiut ion of 0.011 cm-l ( 3 3 0  me> and a nigh-pass 
f i l ter  transmission curve r i s i n g  from negl igible  t o  f u l l  transmission i n  
about 0.03 crn'l. 
a r e s u l t  of the  f o u r i e r  transformation process and a re  present ly  unex- 
plained. 

This l a t t e r  spectrum shows fea tures  which are  evidently 

Georgia I n s t i t u t e  of Technology, 
Atlanta,  Georgia, 8 May 1964. 
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Parameter Model F ina l  

T e s t  frequencies 15 gc 40-80 gc 

Test wavelengths 2 cm 3.75-7.5 mm 

Aperture s i z e ,  D 61 cm, f:0.4 30.5 cm, f : l  

D2/h 18.6 m 

"ath 1er;gth i n  in te r fe rometer  2.73 m 

24.8-12.4 m 

2 .1  m 

--. 

0.15 0.085 - 0.17 2 Path length i n  u n i t s  of D / h  

Transmission loss 3.7 db 4.0 db* 

*Broadband loss. Includes source optics consis t ing of two prolate-  
spheroidal re f lec tors .  Includes both d i f f r ac t ion  lo s ses  and 0.5 db re- 
f l e c t i o n  loss due t o  mismatch a t  source and detector .  
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Figure 5. Construction of 12-Inch Parabol ic  Reflectors .  ( A )  S t a in l e s s -  
S t e e l  Male Mandrel. 
Stretched Over Mandrel. 
Fused-Silica Backing Structure  Ready for Bonding. 
( D )  Finished Reflector .  

( E )  Aluminum F o i l  on Frame P a r t i a l l y  
( C )  Mandrel and F o i l  Inverted Over 



33 

Figure 6. Machined Crossed-Pyramid Horn for 40-80 gc Region. 
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Figure 8. Beamwidths and Optimum Length of Crossed-Pyramid Horns. 
Length is From Face of Horn to Apex of Pyramid. 
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Figure 10. Spe trorneter Output 

~ O - C P S  TUNED PREAMPLIFIER 

PHASE-SENSITIVE DETECTOR 

ELECTRONICS, MISSLES AND 
COMMUNICATIONS, INC. 
MODEL RJ-8 

VOLTAGE-TO-FREQUENCY CONVERTER 
DYMEC MODEL 2210 

FREQUENCYCOUNTER 
HEWLETT PACKARD MODEL 521 1A 

CHOPPERCONTROL 

PAPERTAPE PUNCH 
FRIDEN MODEL SP-2 

SCANNER-COUPLER 
DYMEC MODEL 2540 

nd Data Recording Eq ipment . 



E, 
n s  
h C )  

I 
0 



39 

- 0  

0 
0 
0 
0 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

01 

O 0 l  ooo 
. O  

O .I 

I 
o o o o o  I 

O0 I o  

i '  

0 
0 

I 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 

0 

0 

0 
0 

0 

0 
0 

0 
0 

0 

0 
0 

0 

1 

k 
0 

(v 
rl 



40 

I 

- ln 
!z 
Z 
I3 * 
(I: 
4 
(I: 

k 
m 

s (I: 

(I: 
W 
%= 
0 n 

8 

61 
si 
k 
Z 
3 * 
Dc 
4 

E 41 
m 
Dc 
4 

lY 
W 
P 
0 n 

- 

21 

I 

4 
L = 9.0 cm 

Af = 3.1 gc 

N = 284 
si 
t 
Z 
1 

(I: 
w 
3 
0 n 

I I I 

60 70 80 
FREQUENCY (gc) 

160 
C) 

L = 38.5 cm 

,if = 720 mc 

120 N = 1215 

* 
(I: 
4 
E 80 - 
m 
(I: 
4 

(I: 
W 
% 
0 

v 

40 

0 

I I I 
68 70 72 

FREQUENCY (gc) 

b) 

L = 18.3 cm 

Af = 1.55 gc 

N = 578 

65 70 75 
FREQUENCY (gc) 

4 
L = 81.3 cm 

Af = 330 mc 

N = 2559 

I I I 

69 70 71 
FREQUENCY (gc) 

Figure 13. Spectra of Klystron Harmonic Mult ipl ier .  Each Spectrum 
Used Different  Lengths of the  Same Interferogram. 
Level - 10-9 W a t t .  

Power 



41 



42 

lx 
W 
I- 

\ 

\ 
\ 
I 
I 
I 
I 
I 
I 
I 
I 
\ 
/ 

1 

/ 
/ 

/ 
/ 

,/ 



I I I 

FREQUENCY (gc) 

43 

a. ZERO POINT = 19 

b. ZERO POINT = 20 

C. ZERO POINT = 21 

Figure 16. Ef fec t  of Variation of Zero Point of  Interferogram on F i l t e r  
Spectrum. 


